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Abstract. A method is proposed for obtaining a distance distribution function between spin labels in
spin-labeled molecules on the basis of the data of pulsed electron-electron double resonance with re-
gard to the finite duration of microwave (mw) pulses. It is shown that taking into account the finite
duration of mw pulses makes it possible to extend the range of the studied distances between spin
labels to the region of short distance in which the magnitude of the dipole-dipole interaction becomes
comparable to or exceeds the spectrum widths of exciting mw pulses. With frozen glassy solutions
of biradicals as model systems with a length between spins of less than 2 nm, the shape for the
distance distribution function between labels was obtained, and the value and sign of the exchange
interaction were estimated. It is demonstrated that the analysis of the dipole-dipole interaction ne-
glecting the duration of mw pulses can lead to substantial distortions in the shape of the distance
distribution function.

1 Introduction

The investigation of the dipole-dipole interaction between nitroxyl spin labels in
spin-labeled molecules in the solid phase provides information about the distances
between labels and allows conclusions about the structure of the molecules stud-
ied. When the distances between the labels are less than 1.2 nm, the dipole-di-
pole interaction between the labels is large enough and can be obtained from
the analysis of continuous-wave (CW) electron spin resonance (ESR) spectra or
by other methods described in ref. 1. For large distances, the spectra broaden-
ing due to the dipole-dipole interaction is hidden under the inhomogeneous spec-
trum width and cannot be obtained directly from the CW ESR spectra. Weak
dipole-dipole interactions can be studied by pulsed methods of ESR spectros-
copy on the basis, for example, of electron spin echo (ESE). In this case, the
magnitude of the dipole-dipole interaction can be derived whatever the scale of
the inhomogeneous spectrum broadening.



588 A.D. Milov et al.

Among pulsed ESR methods, the electron-electron double resonance (PELDOR)
technique proposed in 1981 [2] for studying weak dipole-dipole interactions be-
tween spins in the solid phase appeared to be most effective and was applied for
investigations of biradicals [3-6], spin-labeled peptides, and other biomacromole-
cules [7-9]. The PELDOR technique is based on the study of the behavior of
the spin echo signal from one part of the spins (spins A, at the frequency v,)
during the artificial flip of the other part of the spins induced by a pumping
pulse (spins B, at the frequency ;). Spins B change their projections for the
direction of the external magnetic field under the action of the pumping pulse
which causes a change in the sign of the dipole-dipole interaction between spins
A and B. As a result, the spin echo amplitude (PELDOR signal) depends on
the value of the dipole-dipole interaction between spins A and B, the T scale
position of the pumping pulse (Fig. 1), and the probability of spin B flips in-
duced by the pumping pulse. The analysis of these dependences provides the
information on the value of the dipole-dipole interaction between spins A and B
and, thus, on the distances between spin labels. In the presence of aggregates
containing several spin labels, one can estimate the number of labels in aggre-
gates [10-12]. It is worth noting that the dipole-dipole interaction in the PELDOR
technique can be accompanied by the exchange interaction between spins with
the value J increasing as the distance between spins decreases.

One of the most important recent applications of the PELDOR method is the
study of the distance distribution between spin labels rather than fixed distances.
In ref. 4 it is shown that the distance distribution function between spin labels
in some nitroxide biradicals can be extracted from the analysis of the PELDOR
signal decay function when the location of a pumping pulse is changing. In ref.
9, the distance distribution function was derived for glassy solutions of spin-la-
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Fig. 1. a PELDOR sequence of the microwave (mw) pulses: pulses 1 and 2 at v, and the pumping

pulse 3 at v, The pulses 1, 2, and 3 display durations, ¢,,, #,, and 7, respectively. b The ESR spec-

trum of nitroxy! labels in the solid phase and the arbitrary parts of the ESR spectrum subjected to

the effect of the pulses forming echo at the frequency v, (spins A) and the pumping pulse at the
frequency v, (spins B).
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beled peptides. The above analysis of the structure of spin-labeled molecules has
been performed over a range of distances for which the value of the dipole-di-
pole interaction between labels is less than the width of the exciting pulses in a
frequency domain. In this case, the influence of the duration of mw pulses can
be neglected.

At short distances between labels when the dipolar width v,, becomes com-
parable with the spectrum width of the /2 mw pulse, v, = /(24 (¢, is the pulse
duration), this problem should be properly taken into account. With v, = y#h/F°
one can estimate this distance region as r <2 nm for ¢, = 40 ns. The experi-
mental PELDOR decay in these conditions will have two distinctive features.
Firstly, the shift in resonance frequencies of spins A upon the flips of spins B
can become so large that they do not take part in the formation of spin echo
and therefore give no characteristic dipolar oscillations in the PELDOR signal
decay. Moreover, under these conditions, the pumping pulse at v, can mainly
excite only one of the dipole components of spins B and this will be respon-
sible for the damping of the dipolar oscillations amplitude as compared with the
initial PELDOR decay. Secondly, due to the finite duration of the mw pulses,
the PELDOR decay at short 7 times (Fig. 1) will be mainly determined not by
dipolar interactions but by the mw pulse duration. This will slow down the
PELDOR decay at short T times and in turn will give artificial enhancement of
the long-distance part in the distance distribution function obtained from the ex-
perimental decay at these conditions. Thus, when analyzing short distances be-
tween spin labels, it is necessary to take into account the finite duration of the
mw pulses.

The main goal of the present paper is to study the possibility of obtaining
the distance distribution function between labels from experimental dependences
of PELDOR with regard to the finite duration of mw pulses. In this case, it is
of interest to compare the results of the analysis of the distances between the
labels with and without regard to the duration of mw pulses. We consider also
the possibility of obtaining distance distribution functions along with the value
and sign of the exchange interaction from the PELDOR data analysis.

We have studied frozen glassy solutions of nitroxyl biradicals with the struc-
tures shown in Fig. 2.

Biradical 1 has a relatively short chain which connects spin labels. There-
fore, we expect a noticeable effect both of the duration of pulses and of the
exchange interaction on the PELDOR signal decay. Biradical II was the first
biradical for which the PELDOR signal oscillations due to the intramolecular in-
teraction between spin labels was obtained [3]. The distance between spin la-
bels r = 1.9 + 0.16 nm was measured directly from a period of oscillations as-
suming that the value of the exchange interaction |J] was less than 2 MHz [3].
In ref. 6 the PELDOR method with a magnetic field jump was employed for
biradical II. The distance between labels of 1.94 = 0.02 nm at the value of the
exchange interaction |J| < 0.1 MHz was obtained. Note that the estimates given
in refs. 3 and 6 were obtained from the PELDOR data neglecting the duration
of mw pulses. Thus, it is of interest to determine the distance distribution func-
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Fig. 2. Structures of biradicals I and II

tion between spin labels and the value of the exchange interaction for the given
biradicals and to compare these data with the previous results.

2 Experimental

Biradicals I and II were synthesized in the Novosibirsk Institute of Organic
Chemistry, Russian Academy of Sciences, and donated for investigation by I. A.
Grigoryev. PELDOR studies were carried out on a PELDOR spectrometer de-
scribed in refs. 2 and 13. The duration of the first and second pulses forming
the spin echo signal were 40 and 70 ns, respectively. The duration of the pumping
pulse was about 40 ns. The position of the pumping pulse corresponded to the
maximum amplitude in the ESR spectrum. The frequency difference v, — 14, was
65 MHz.

For the PELDOR studies, glassy ampoules with a diameter of 0.5 cm con-
taining about 0.08 ml of the sample solution were used. As a solvent, we used
toluene and toluene-D,. After freezing at 77 K, this solvent forms transparent
glass. The samples were prepared with chemically pure toluene without repurifi-
cation. The concentration of biradicals varied from 1.5-1073 to 5-1073 M. The
samples studied were placed in a finger of the Dewar flask cooled with liquid
nitrogen and located in the spectrometer resonator.

The CW ESR spectra of the biradicals studied are conventional triplets of
nitroxyl radicals in the solid phase.

2.1 Effect of Puise Duration on the PELDOR Signal Decay

In the present work we used the simplest version of the PELDOR method, i.e.,
the double-pulse technique of the electron spin echo at the frequency v, with
the added pumping pulse at the frequency ;. A sequence of pulse action is
shown in Fig. la. Pulses 1 and 2 form an electron spin echo signal at the fre-
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quency v, and the pumping pulse 3 induces the flips of spins from another part
of the ESR spectrum at the frequency v,. The locations of pulses are counted
from the back edge of the first pulse. Thereafter, the pulse durations are denoted
by t,, t,,, and ¢, for the first, second, and third pulses, respectively. Figure 1b
arbitrarily shows the parts of the ESR spectrum subjected to the effect of the
pulses forming the echo at the frequency v, and the pumping pulse at the fre-
quency v,. As mentioned above, the spins participating in the formation of the
echo are denoted as spins A, whereas the spins rotated by the pumping pulse
are denoted as spins B. The PELDOR signal is the spin echo signal ¥(7) at a
fixed time 7 in the presence of the pumping pulse 3.

In ref. 14, the analytical expression was derived for the PELDOR signal of
a pair of spin labels with a fixed distance between labels and a given pair ori-
entation with respect to the external magnetic field in the case of rectangular
mw pulses of finite duration. The amplitude of the PELDOR signal for the en-
semble of these pairs is proportional to the magnetization component M, and
obeys eq. (62) in ref. 14. This equation can be given in a compact form as

U(T) = Usin[D(T + £,,/2)] + Uycos[D(T + 1,,/2)] + U,, (1)
D = #n(1 — 3cos*(@))/r + J. )

Equatlons (1) and (2) were derived in ref. 14 for the spin-spin interaction Hamil-
tonian o = DSIZSZZ,where S:z and Szz are the operators of the spin projections
of the first and the second labels on the direction of the external magnetic field,
y is the gyromagnetic ratio for an electron, % is the Planck constant, r is the
distance between spin labels in the pair, & is the angle between the vector con-
necting spin labels and the magnetic field direction, J is the value of the ex-
change integral, the value of T is indicated in Fig. 1, ¢,; is the pumping pulse
duration.

The coefficients U,, U,, and U; in Eq. (1) depend on the D value, the reso-
nance frequencies of spin labels, the frequencies, amplitudes and durations of
acting mw pulses. For nitroxyl spin labels, the resonance frequencies depend on
the hyperfine anisotropy, g tensors, and the orientation of spin labels in a mag-
netic field. As a result, the coefficients U,, U,, and U, are also dependent on
the orientation of spin labels. The specific expressions for these coefficients are
given by eq. (62) in ref. 14.

In the limiting case, when pulse durations tend to zero at a constant angle
of spin flips and a fairly large difference in the frequencies v, and v, Eq. (1)
acquires the known form [13]

U(T) = UO)1 = pg(1 — cos(DT)), 3

where py is the probability of spin B flips induced by a pumping pulse, U(0) is
the PELDOR signal in the absence of a pumping pulse. Equation (3) served as
a basis for analyzing the distance between labels and the value of the exchange
interaction between the labels in refs. 9, 11 and 13.
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In frozen glassy solutions we expect a random orientation of molecules in
space. Averaging Eq. (1) over the orientations of biradicals relative to the mag-
netic field leads to the decay of dipolar oscillations with time T and the ten-
dency of U(T) to its limiting value U,. As an example, Fig. 3 shows the U(T)
dependence averaged over the angle # and calculated for a series of the dis-
tances r between the labels and pulse durations. The calculations were performed
for a random orientation of spin labels at the ends of biradicals. The value of the
exchange interaction was taken as zero. In calculations we used the following val-
ues for 4 and g-tensors: 4,, =4.0 G, 4, =7.0 G and 4,, = 35.0 G; g,, = 2.0095,
g,, = 2.0061 and g, = 2.0025. The line shape determined by other sources of
the broadening was considered Gaussian, with the width between the points of
the maximum slope being 3.9 G. The parameters indicated were used in ref. 9
for determining the distance distribution function in some spin-labeled peptides.

The calculated results are given in Fig. 3 in the coordinates [(U(T)) — (U, Y/
[{(Uy) — {U;)] versus T, where U, is the U(T) value in the absence of the pump-
ing pulse. The symbol (...} denotes the averaging over the parameters specified.
The U, value was calculated from eq. (24) of ref. 14 at the point of the signal
maximum.

Figure 3 shows that the mw pulse duration has a considerable effect on the
behavior of the PELDOR signal decay. The increase in the pulse duration leads
to the decrease in both the amplitude of the oscillation and the value of the
PELDOR signal at T = 0 with respect to the value of the signal in the absence
of the pumping pulse. Of interest is the fact that despite the decrease in the os-
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Fig. 3. Calculated PELDOR signal decay for a series of the distances » between the labels and du-

rations of the mw pulses for ¢, = ¢, = ;. The values of distances and the pulse durations are given

in the figure. The rotation angles of the magnetization are equal for all the pulses and amount to
120°.
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Fig. 4. Effect of the pulse duration on the oscillation amplitude for the solution of biradical I in
toluene Dg. The values of the mw pulse durations were the following: #,, = ¢, = 30 ns and ¢, = 40
ns for curve I, ¢, =1, =90 ns and ¢, = 40 ns for curve 2. For convenience, curve 1 is shifted
down by 0.05.

cillation amplitude, the frequency of dipolar oscillations remains practically con-
stant for a given distance » This makes it possible to estimate the distance be-
tween the labels directly from the period of oscillations whatever the pulse du-
ration. As follows from Fig. 3, for distances of less than 2 nm, this technique
1s most informative for pulse durations of less than or equal to 20 ns. It is worth
noting that for distances exceeding 2 nm, the PELDOR signal amplitude is ac-
tually independent of the pulse duration.

Figure 4 presents the experimental PELDOR signal decay due to the intramo-
lecular interaction of spin labels for the frozen glassy solutions of biradical I in
toluene-D;. As follows from Fig. 4, an increase in the duration of the first and
second pulses from 30 to 90 ns leads to the complete disappearance of oscilla-
tions. This is in agreement with the general pattern of the behavior of the PELDOR
signal (Fig. 3).

[t is worth noting that in our experiments, the pulses had not an ideal rect-
angular shape. The characteristic time of the edge increase and decrease was
about 10 ns. The pulses were formed into trapezoids and the pulse width at half-
height was considered as the pulse duration.

2.2 Distance Distribution Function with Regard to the Finite Duration
of mw Pulses

The aim of the present work is to obtain distance distribution functions between
spin labels together with the value of the exchange interaction. In the following
the distance distribution function of spin label pairs will be denoted as F(r) =
dn(r)/dr, where dn(r) is a fraction of pairs in the distance range from » to r + dr.
The problem of deriving the F(r) form and estimating the J value was solved
with Eq. (1). To this end, we used the approach described in ref. 9. It is based
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on the calculation of the PELDOR signal amplitudes (U(r,,T,)),, for a given
set of distances r, between labels and a set of experimentally used values of T,
For a given case, the symbol (...),, means the averaging of Eq. (1) over all
parameters except the distance between the labels and the exchange interaction.
The PELDOR signal calculated at each 7, point was represented as the sum of
(U(r,,T,))  signals of the pairs with fixed r, with regard to the fraction of these
pairs in the total number of pairs

Vcalc (Tm) = Z F(rk ) (U(rk ? T”' )>AV drk ’

where V,(T,) is the calculated PELDOR signal, F(r,) is the required value of
the distribution function at r, points; dr, =, — 7,

To obtain the F(r,) set, we minimized the sum of the squares of the differ-
ences of the experimental ¥(7,) and calculated V_,(T,) PELDOR signal ampli-

tudes by varying the coefficients F(r)dr, provided that F(r)dr, = 0,

A=Y [V(T,)~ Voo (T,)* — min.

The solution obtained was minimized by the value of the exchange interac-
tion J. To reduce the manifestation of the instabilities of solution, we have cho-
sen the optimum distance step by increasing the step of dr, till the A value starts
to increase. This deteriorates the method’s ability for distance resolution but
makes it possible to reduce the amplitude of false maxima in the distribution
function unavoidable for unstable problems of the given type.

The above approach allows one both to derive the distance distribution func-
tion of pairs and to estimate the value and sign of the exchange interaction in
biradicals. It was of interest to compare the distribution functions obtained with
and without regard to pulse duration. The same approach using Eq. (3) instead
of Eq. (1) was used to obtain the distance distribution functions without taking
into account the pulse duration.

3 Experimental Data

The information about the interaction between spin labels is contained in the
PELDOR signal decay function W{(T), where T is the time between the first pulse
and the pumping pulse. This decay in general must contain the data on both the
intramolecular and intermolecular interactions of spin labels. As a rule, they are
mutually independent. Therefore, the experimental signal decay V(T) can be rep-
resented as the product of intramolecular Vg, and intermolecular Vi gx con-
tributions to the total dependence M(T) = ViyrpaVmrer- The intramolecular inter-
action is independent of the biradical concentration and can be separated from
intermolecular interactions by studying the concentration dependences of the
PELDOR signal decay. As in refs. 3 and 15, this method was used in the
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present work to distinguish the intramolecular interaction of labels in the biradi-
cals studied.

Biradical L. Figure 5 shows experimental and calculated J(T),yra for biradi-
cal 1. The solid lines were calculated with the distribution function shown in Fig.
6. As follows from Fig. 5, the oscillation beats are observed for biradical I in-
dicating the existence of two similar oscillation frequencies. It is worth noting
that the oscillation frequency is close, in this case, to the Larmor proton fre-
quency in the working magnetic field. The dependences of Vjyzs on T for so-
lutions of biradical I in fully deuterated toluene were obtained to verify a pos-
sible effect of solvent protons on the behavior of the PELDOR signal decay. The
decays obtained for both solvents actually coincide. Thus, the oscillations shown
in Fig. 5 are determined by the dipolar intramolecular interaction of spin labels
rather than by the interaction of unpaired electrons with solvent protons.

Figure 6 shows the distance distribution functions between labels obtained
by two methods. Curve 1 was derived by taking into account experimental mw
pulse durations (Eq. (1)). Curve 2 was obtained for the infinitely short pulses
from Eq. (3). The value of the exchange interaction between the labels obtained
for both cases is J = 1.4 + 0.5 MHz. Note that despite the substantial difference
in the shape of distance distribution functions in Fig. 6, both functions provide
the same fair description of the experimental data presented in Fig. 5.

Figure 6 shows that, unlike curve 2, the distribution function 1 contains two
maxima at distances of 1.62 and 1.7 nm. The total width of the distribution func-
tion 1 at half-height is 0.16 nm. The uncertainty of the obtained J value leads
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Fig. 5. PELDOR signal decay V() for the frozen glassy solution of biradical I in toluene at 77
K. The dots denote the experimental data, the solid lines were calculated with the distribution func-
tions given in Fig. 6. Curve 1 was calculated with the distribution function 1 in Fig. 6, curve 2 was
calculated with the distribution function 2 in Fig. 6. For convenience, curve 2 is shifted down by 0.1.
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Fig. 6. Distance distribution function F(r) between spin labels for biradical [ in toluene at 77 K.
Curve | was calculated with regard to the mw pulse duration, curve 2 was calculated without regard
to the pulse duration. For convenience, curve | is shifted up by 6 nm™'.

to the shift in the distribution function by +0.04 nm without a noticeable change
in the F(r) shape.

Biradical II. Figure 7 shows the experimental and calculated dependences
of V{Trrs for biradical II. The solid lines were caiculated with the distribu-
tion functions presented in Fig. 8. Curve 1 was obtained by taking into account
the mw pulse durations and belongs to the distribution function 1 in Fig. 7. Curve
2 was obtained without regard to the pulse duration on the basis of Eq. (3) and
belongs to the distribution function 2 in Fig. 8.

Figure 8 shows the distance distribution functions between labels obtained
by two methods. Curve 1 was obtained by taking into account the experimental
mw pulse durations (Eq. (1)). The distribution function maximum is reached, in
this case, for a distance of 1.99 nm. The width of the distribution function at
half-height is 0.06 nm. Curve 2 was obtained for the infinitely short pulses (Eq.
(3)). The maximum of curve 2 is at the same distance as that for curve 1. The
best agreement between experimental and calculated curves was obtained for the
value of the exchange interaction between labels J= 0.7 + 0.4 MHz. The un-
certainty in the determination of the J value causes a shift in the distribution
function maximum by +0.03 nm.

The form of the distribution function 1 in Fig. 6 for biradical I indicates that
in this case there are at least two conformations corresponding to distances of
1.62 and 1.7 nm between labels. The obtained value J= 1.4 MHz is likely to
be averaged over two conformations. It is possible that the exchange interaction
occurring in the molecular frame of the biradical and depending on the number
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Fig. 7. PELDOR signal decay Vi z.(T) for the frozen glassy solution of biradical Il in toluene at

77 K. The dots denote the experimental data, the solid lines were calculated by the distribution func-
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was calculated with the distribution function 2 in Fig. 8. For convenience, curve 2 is shifted down
by 0.1.
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Fig. 8. Distance distribution function F(r) between spin labels for biradical II in toluene at 77 K.
Curve 1 was obtained with regard to the mw pulse duration, curve 2 was obtained without regard to
the pulse duration. For convenience, curve 1 is shifted up by 17 nm™".
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and type of bonds may be the same in both conformations. Of interest is the
fact that the value of the exchange interaction is substantially smaller than the
constant of the dipole-dipole interaction of 14 MHz. It should be mentioned that
we received positive values of the exchange interaction for both biradicals.

The maximum of the distribution function 1 in Fig. 8 for biradical II is at a
distance of 1.99 = 0.03 nm, which is close to the previous value obtained for
the distance between spin labels in refs. 3 and 6 by assuming the absence of
the distance distribution between labels. Note that the value J= 0.7 MHz ob-
tained in the present work exceeds the value of 0.1 MHz obtained in ref. 6 as
the upper boundary for J. This discrepancy is probably due to the difference 'in
the models used to calculate these parameters.

Figures 6 and 8 show that distribution functions 2 obtained for both of the
biradicals for infinitely short pulses differ substantially from curves 1 in the same
figures. The comparison of dependences 1 and 2 for each case indicates that the
use of Eq. (3) in the analysis of short distances between spin labels can lead to
substantial distortions in the resulting distance distribution functions. The main
important difference is the occurrence of the long distances in the distance dis-
tribution functions 2 compared with 1. As described above, these features are
connected with the slowing-down effect on the PELDOR decay at short T times
due to the finite duration of the mw pulses. It is seen that as the distance be-
tween labels increases, i.e., upon transition from biradical I to biradical II, the
difference in distribution functions ! and 2 becomes much smaller.

Obviously, the use of equations derived in ref. 14 for the rectangular shape
of mw pulses for describing the behavior of the PELDOR signal is approximate
and not always justified under experimental conditions. From Fig. 3 it follows
that the most effective way of studying short distances between labels is the
application of pulses with duration of not longer 20 ns. However, the rectangu-
lar pulses of this duration can be obtained with resonators of a fairly low @ factor
and powerful sources of mw pulses. Therefore, it is necessary to describe theo-
retically the behavior of the PELDOR signal decay for the real form of the
exciting mw pulses.

4 Conclusions

A method is proposed for obtaining the distance distribution function between
spin labels in biradicals in the solid phase by the data of PELDOR spectros-
copy on the dipole-dipole interaction between labels with regard to the finite
duration of mw pulses. It is shown that taking into account the finite duration
of mw pulses allows one to extend the range of the studied distances between
spin labels to short distances within which the value of the dipole-dipole inter-
action between labels becomes comparable with or exceeds the spectrum width
of the exciting mw pulses.

For the frozen glassy solutions of biradicals with different chain lengths be-
tween labels, we obtained the form of the distance distribution function and the
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value of the exchange interaction between labels. It is shown that the analysis
of the dipole-dipole interaction without regard for the duration of mw pulses can
cause substantial distortions in the distance distribution function which increases
with decreasing distance between labels.
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